Friction and wear performances of natural grade poly-ether-ether ketone (PEEK) and three PEEK composites e.g. 30 mass% carbon fibre reinforced (PC-1), 30 mass% glass fibre reinforced (PC-2), and 10 mass% each PTFE/graphite/carbon fibre reinforced (PC-3) were studied under water lubricated, slow speed sliding conditions. Tribological tests were carried out on Pin-on-Disc setup and 17-4 PH stainless steel was used as counterface material. Test conditions were; 3, 6, 12 MPa contact pressures (P) and 0.05, 0.005 m/s sliding speeds (V). Natural grade and glass-fibres reinforced composite (PC-2) exhibited poor friction and wear characteristics at all PV conditions. Composite reinforced with high percentage of carbon (PC-1) showed good tribological performances at all PV conditions. However PTFE/graphite/carbon fibre reinforced grade (PC-3) showed improved performance at very low sliding speed (0.005 m/s). Increased sliding speed resulted into dramatically increase in wear rate of PC-3, may be due to non-retention of transfer film of PTFE and graphite on the counterface material. Good tribological behavior of PC-1 attributed to addition of 30 mass% carbon fibres, which was effective to protect the matrix material from shear and abrasion. Wear mechanisms were discussed based on scanning electron microscopy (SEM) of the worn surfaces. These results were also compared with conventional material pair.
Introduction
Poly-Ether-Ether-Ketone is a semicrystalline thermoplastic polymer; it displays excellent mechanical properties and good stability in chemically active/ radiation environments. It has high glass transition temperature (~145°C), high melting point (~335°C) and easy processability by injection moulding and other techniques [1] . Therefore PEEK is being used as a matrix material for components operating in harsh environments [2] .
Friction and wear behaviors of polymers under water lubricated environment differ greatly from those in dry conditions. Under water lubricated conditions, absorption of water by polymer and plasticization of polymer surfaces influence the friction and wear of polymer. It is reported by many researchers that wear rate of a polymer is higher under water lubricated condition than those obtained in dry conditions. Lancaster [3] stated that fluids such as water inhibit the formation of transfer layers of carbon/polymer debris on the counter-face. Yuji Yamamoto et al [4] concluded that softening of surface due to water absorption resulted into increased wear of PEEK. Tanaka [5] reported that the introduction of water into a polymer-metal sliding combination generally reduces the coefficient of friction, but may increase the wear rate of the polymer. He also suggested that the increased wear under water lubrication may be due to modification of surface structure of polymers by water rather than the effect of modification of the counterface by polymer transfer. O. Jacobs et al. [6, 7] showed that an aqueous environment can reduce or increase the wear rate of polymer depending on the counterface material. In the view of above, it can be stated that selection of counterface material and absorption of water by polymer are the two important factors to control tribological properties of polymer-metallic sliding pair.
Improved tribological behavior of a polymer can be achieved by increased hardness, stiffness and compressive strength [1] or by reduced adhesion to the counterface material [2] . Fibre reinforced polymers are known for their improved mechanical and tribological performances. Performances improvement depend on various parameters e.g. type (glass, carbon etc.), orientation and size of fibres. For example, the addition of carbon fibre (CF) to polymers resulted into increased hardness, tensile and flexural strength [8] and increased glass transition temperature [9] . Dry sliding wear behavior of short glass fibre and carbon fibre reinforced PEEK have been investigated by Voss et al. [10] . They concluded that compared to short glass fibre, short carbon fibre showed a better potential in enhancing the sliding wear resistance. Addition of glass fibre may improve wear resistance slightly, but this trend can change under certain P (contact pressure) and V (sliding velocity) conditions. Z. Hanmin et al [11] and Z. P Lu et al [12] reported that increase in mass% of carbon fibre resulted in increased PV limit of polymer and optimum composition shall contain 20-30 mass% carbon fibre. Beibei Chen et al [13] showed that the incorporation of CF can greatly improve the wear resistance of PEEK under sea water lubrication, exposed CF can effectively share the major part of load between the contact surfaces protecting the PEEK matrix from severe wear. Friedrich et al [14, 15] concluded that short carbon fibres proved better for improving wear resistance as compared to short glass fibres.
Adhesion to the counterface can be reduced with reinforcement of lubricant additives e.g. PTFE, graphite and MoS 2 , resulting reduced friction [16] . The lubricant additives in addition of short fibres play synergistic role in improving the tribological performance of neat polymer matrix [17] . J Bijwe et al [18] studied the effects of addition of carbon fibres, glass fibres and solid lubricants such as PTFE and graphite to enhance PV limit in severe operating conditions. It has been concluded by most of the researchers that addition of lubricants to polymer contributes to the formation of a homogeneous low shear strength transfer film on the counterface surface thus reducing coefficient of friction. However under water lubricated conditions, these lubricants may behave differently due to non-retention of transfer film.
In Fuelling Machine head of Indian Pressurised Heavy Water Reactors (PHWRs), present design employs components of aluminum bronze & phosphorus bronze rubbing against moving components of precipitation hardened 17-4 PH, 13-8 Mo stainless steels (hardness 36-40 HRC) at slow sliding speeds (0.005 to 0.05 m/s). Operating environment is high purity de-mineralised water at moderate temperature and 10 MPa operating pressure. Wear mechanism of aluminum bronze is adhesive in nature, producing large size wear debris and significant damage to mating part. Wear debris accumulate at other sliding joints and hamper their proper functioning. Therefore for long term solution, new materials are needed to explore as a replacement for bronze components. The objective of this study is to establish suitable PEEK composite to replace conventional material pair (aluminium bronze and 17-4 PH stainless steel) for specific operating condition.
Experimental

Material
Natural grade PEEK and its three composites (PC-1, PC-2 and PC-3) were purchased in extruded rod form, from a reputed supplier. The short fibers (e.g. carbon, glass) are not oriented in rods because filler orientation is dependent on various factors like combined effect of die design, screw geometry, processing parameters and shear force in barrel. However, extrusion process may introduce some anisotropy to composite properties. Flat ended cylindrical pins with 4.0 mm diameter at contact, were machined from the rod along its axis. The 17-4 PH discs were machined from a forged rod to 10 mm thickness and 110 mm diameter and heat treated to achieve hardness of 36 HRC (H1025 condition). Discs and pins were ground to achieve surface roughness (R a ) of 0.96 µm. For detailed materials properties refer Table 1 .
Sliding wear test
Sliding wear tests were conducted on a pin-on-disc test setup as shown in Fig. 1 . PEEK pin sample was held by a pin holder against the rotating disc mounted on disc holder. Before each test, the flat-ended polymer pins and 17-4 PH stainless steel discs were cleaned with isopropyl alcohol and acetone respectively. Lubrication was applied on wear track with 20 drops of fresh de-mineralised water (9.5 pH) every minute, keeping it flooded to test in submerged condition. The tribological tests were carried out at sliding speeds 0.005, 0.05 m/s and contact pressures 3, 6, 12 MPa. Ambient temperature around 25°C and sliding distance of 1000 m were kept constant for all tests. Coefficient of friction (COF) was continuously recorded by an online data acquisition system attached to the test setup. The reported COF was average value during the entire test. A precision weight balance was used to evaluate wear of pin by measuring weight loss after the test. Each test was repeated three times and their average values were presented. The specific wear rate W s was calculated from the following relationship, W s =(∆m * 10 9 )/ρF N L [mm 3 /Nm] Where, ∆m is the mass loss in gm, ρ is the density of the specimen in gm/m 3 , L is total sliding distance in m and F N is the applied load in N. The worn surfaces of pins were observed under scanning electron microscope (Mini-SEM, Model SNE 3000M, SEC, Korea). Before SEM examination, the worn surfaces of pins were sputtered coated with a thin layer of gold. Figure 2 (a) and (b) show coefficient of friction (COF) of natural grade PEEK and its composites against 17-4 PH stainless steel as a function of contact pressure and sliding speed under water lubricated condition. COF was lowest for PC-1 followed by PC-3 and natural grade at all contact pressure (P) and sliding speed (V) conditions. Lowest COF of PC-1 might be ascribed to improved stiffness of PEEK material due to addition of carbon fibres. Improved stiffness resulted into reduced volume of material being deformed during sliding. This would cause decreased energy dissipation through deformation, hence lowered friction force during sliding [19] . PC-2 and natural grade showed high COF at low sliding speed and decreased gradually with increased sliding speed. Fig. 1 Schematic diagram of: pin-on-disc setup Contrary to that, it was observed that COF for PC-1 and PC-3 was relatively low at low sliding speed and marginally increased with increase in contact pressure and sliding speed. PC-2 exhibited highest COF at all PV conditions indicated that glass fibres are not effective for improvement of friction behavior. Reason behind that may be, under boundary lubricated conditions, glass fibres interact with counterface material abrasively, resulting roughening of counterface material and increased COF. For polymers materials, shear stress is a function of local contact pressure and contact area A is non-linear function of the load W [22] .
Results and Discussion
Coefficient of friction
Coefficient of friction, (2-) k 0 n /n F μ= = ×W +α W Where F is friction force, k0 and α are the materials constants. For natural PEEK and PC-2, n is greater than 2, hence coefficient of friction is decreasing with increase in load. For PC-1 and PC-3, n is less than 2, hence opposite trend observed.
In low speed applications in precision mechanisms of fuelling machine of Indian PHWRs, operating torques of the actuator are less, hence high friction is unacceptable as it may result in stalling. In the view of above, PC-1 is the most promising material for these applications. Figure 3 (a) shows wear rate of natural grade PEEK and its composites against 17-4 PH stainless steel as a function of contact pressure and at 0.005 m/s sliding speed under water lubricated condition. Wear rate of all four materials decreased with increased contact pressure. Although this reduction in wear rate of PC -2 and natural grade was not as pronounced as the reduction has seen for PC-1 and PC -3. PC-1 and PC-3 exhibited one to two order less wear rate compared to PC-2 and natural grade, one can generally conclude that carbon fibres usually yield an improvement in wear resistance under water lubricated environment when being incorporated in PEEK matrix. Increased resistance to shear deformation and abrasion due to presence of carbon fibre in PEEK matrix [20] yields improved wear resistance of such composites. PC-2 exhibited highest wear rate indicated that addition of glass fibre may not be beneficial under water lubrication. Probably, higher wear rate of PC-2 are due the fact that the constituents of glass fibre (SiO 2 , etc.) produces their hydroxides and hydrates in water lubrication and the mechanical strength of these products is lower [21] . PC-3 depicted lowest wear rate at very slow sliding speed (0.005 m/s) which increased with increase in sliding speed at all contact pressures. This may possibly due to retention of transfer layer of PTFE and graphite on counterface at slow speed which might be removed at higher speed as suggested by Lancaster [3] . It is well known that addition of lubricant additives (e.g. PTFE, graphite) and reinforcement additives (e.g. carbon fibre) to polymer reduces friction and wear due to their synergistic effect. However, under water lubricated conditions this synergism of additives is effective only for very low sliding speed conditions. PEEK reinforced with 30% carbon fibre composite (PC-1) exhibited one order lower wear rate compared with natural grade or reinforced with 30% glass fibre (PC-2). PC-1 exhibited one order lower wear rate compared to PC-2 and natural grade, at all contact pressures. To evaluate dominant wear mechanism, detailed scanning electron microscopic (SEM) examinations of worn surfaces were carried out.
Wear rate
Comparison with conventional material pair
Coefficient of friction (COF) and wear rates of natural grade PEEK and its three composites were compared with aluminium bronze. Figure 4 (a) shows COF and Fig. 4(b) shows wear rate for natural grade, its three composites and aluminium bronze, under water lubricated environment. All four polymer materials exhibited lower COF compared to aluminium bronze for all contact pressures. Replacement of aluminium bronze with 30% carbon fibre reinforced PEEK (PC-1) would result into approximately 60% reduction in COF.
Carbon fibre reinforced materials (PC-1 and PC-3) exhibited one to two order lower wear rate compared to aluminium bronze. Aluminium bronze exhibited lower wear rate compared to other two materials at 3 MPa contact pressure. However increased contact pressure resulted into high wear rate of aluminium bronze due to change in wear mechanism from abrasive to adhesive.
For PC-1 and PC-3, wear rate was less than aluminium bronze at all PV conditions. Replacement of aluminum bronze with PC-3, would result upto two orders of reduction in wear rate, whereas maximum reduction of wear rate can be achieved by 30% carbon fibre reinforced PEEK in place of aluminum bronze. Although, at 3 MPa, wear rate of aluminium bronze was less compared to natural grade and PC-2, as contact pressure increased from 3 to 6 MPa, there was sudden transition in the wear rate of aluminum bronze.
Worn surface analysis
To identify dominant wear mechanism, worn surfaces of selected test samples were examined with scanning electron microscope (SEM) and compared with worn surface of aluminum bronze.
The worn surface of natural grade as shown in Fig. 5(a) , exhibited wear marks in form of continuous narrow cutting groves. Grooves are formed due to ploughing of soft material by hard asperities of counterface material. In addition, some chip like, large size wear debris formed during the sliding process was also visible. Wear debris might have originated due to detachment of soften plasticized surface from bulk material. Figure 5 (b) indicated more accumulation of wear debris on the surface which might have resulted into decreasing coefficient of friction and wear rate with increase in contact pressure.
The worn surface of 30% carbon fibre reinforced composite (PC-1) as shown in Fig. 5(c) , exhibited no sliding wear marks. Wear of PC-1 was lower than other material, due to presence of carbon fibre on the surface which might be deeply embedded in the composite. Fibres lying parallel to the surface being abraded and get detached, which were visible in form of wear debris scattered on the surface. Figure 5 (d) shows worn surface of 30% glass fibre reinforced composite (PC-2). Impressions of normal oriented broken glass fibre ends were clearly visible below the surface of matrix. This may be due to visco-elastic recovery of PEEK matrix following removal of load and brittleness of the fibre. Large sized back transferred wear particles similar to natural grade were also visible on the surface. Figure 5 (e) and (f) show worn surfaces of PC-3 (reinforced with 10% each CF/PTFE/Graphite) sliding at different PV values. It could be observed that at low PV value, Fig. 5 (e) indicated smearing during the initial stage of sliding followed by ploughing, becoming the dominant wear mechanism. At few locations smeared debris were detached from the surface leaving small pits. The ploughing grooves probably originated from the cutting effect of the hard asperities of the counter face and also from third-body PEEK debris trapped in contact zone. As PV value was slightly increased, significant change in wear mechanism was observed e.g. Fig. 5(f) . Normal oriented broken and transversely oriented worn-out carbon fires were visible around viscoelastically recovered PEEK matrix. Surface was heavily distressed, swelled and cracked at many locations. The production of flaky debris instead of grooving indicated that the wear mode has changed to probably micro-cracking/surface fatigue. Figure 5 (g, h) showed increased surface distress and delamination due to increasing contact pressure from 3 MPa to 6 MPa. This has resulted into sudden transition in wear rate of aluminium bronze. Figure 5 (i) showed larges extent of adhesive wear and severe plastic deformation of aluminum bronze in sliding direction, resulting surface delamination. Surface was covered with plastically deformed wear debris and surface pits due to material pull out at many locations. This tendency of plastic deformation and adhesion increased the probability of formation of asperity junctions, resulted in much higher friction coefficient.
Conclusions
The tribological behaviors of natural grade PEEK, three PEEK composites and aluminium bronze were investigated under water lubricated environment. The friction, wear behavior and wear mechanisms of these materials were compared and discussed. A summary of basic findings are as follows: ・ Lowest COF was observed for PC-1(PEEK reinforced with 30% carbon fibre) and highest for PC-2(PEEK reinforced with 30 mass % glass fibre) at all PV conditions. COF of aluminum bronze was much higher than all PEEK materials. ・ Wear rate of PC-1 and PC-3 was much lower than that of aluminum bronze (10 -4 to 10 -5 mm 3 /Nm) at all sliding speed and contact pressure conditions. Wear mechanism of aluminum bronze was adhesive in nature associated with severe plastic deformation. ・ Wear marks due to ploughing by hard asperities of counterface material, were clearly observed on worn surfaces of Natural PEEK and PC-3. Back transferred wear debris was observed on worn surfaces of all PEEK materials except PC-3. PC-3 exhibited surfaces distress, swelling and cracks at higher speed and contact pressure. ・ It was concluded that the PEEK reinforced with 30% carbon fibre (PC-1) exhibits improved tribological performance than conventional material aluminium bronze. Hence PC-1 and 17-4 PH SS make an excellent material pair for replacement of sliding components in fuelling machine of Indian PHWRs.
